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A COMPARISON03’SEVERALMZT1i09SOF MEASURINGIGNITIONLAG
—

IN A COMPRESSION-IGHITION3!NGI:U3

By J. A, Spanoglo ,

SUMMARY
,

●

The ignitionlag of a fuel oil in the combustioncham-
ber of a high-speedcompression-ignitionenginewas meas-
ured.by three differentmethods. The start of injection
of the fuel as observedwith a Stroboramawas taken as the
start of the period of ignitionlag in all cases. The end
of the period of ignitionlag was determined%y observa-
tion of the appearanceof incandescencein the combustion
chamber,by inspectionof a pressure-tinecard for evi-
dence of pressure rise, and by analysis of the indicator
card for evidenceof the combustionof a small hut defi-
nite qubntityof fuel.

A comparisonof the values for ignitionlags obtained
by these three methods indicatesthat the appearanceof
incandescenceis later than other evidencesof the start
of combustion,that visual inspectionof a pressure-time
diagramgives consistentand usable values with a minimum
requirementof time and/or apparatus,and that analysis of
the indicatorcard is not worth while for ignitionlag
alone,

IIT!!!RODUCTIOl?

At the”present stage of the developmentof the hi~h-
speed compression-ignitionengine considerableattention
is being given to methods of rating fuel oils as to their
suitabilityfor use in such engines (referencesL-5). It
is generallyrecognizedthat there is a definiteconnection
between the ignitabilityof fuel oil and its satisfactory.
operationi-nan engine. As a measure of ignitabilitythe
length of the period of delay between the injectionand
the ignitionof the fuez has been used, but no method as
yet devised for the measurementof this period caa be con-
sideredas universallysatisfactoryand acceptable.

*
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Ignitionlag in a ;oupressit?n-tgnition engine 5s most
.

satisfactorilydefinedas the intervalbetween the start
of “injectionof fuel ‘andthe po”ihtat which the pressure
in the engine cylindermeasurablyexceedsthe compression
or e~pansionpressure =Zthout-lgnitioa.Ignitionlag may
thus be measured in timo units or it may be moro convenient-
ly oqpressediil degreesO-fcrsudzshaftrotation.L

Tho use of ignitionlag as a moasuro of the iguitibi.l-
ity O:Fa fuel requiresthat tie limits of the per.todof iG-
nitio~ lag be so defined that there will be no doubt as to
just what pz!rtof the oporatingcycle is includedby this
tf31+E1.There seems to be a generalagreene?itthat the pe-
riod of ignitionlag begins with the entranceof the first
partioleof fuel into the combustionchamber. The end
point of the period of ignitionLag is determinedby a va-
riety of methods dependin~upon the“--eqa”ipmentavailablein
the Laboratorieswhere the work is done and, althouch
tho’tei~ a lack of agreementin a-bsolutevalues, there is
excellentsimilarityin comparativevalues.

..- -.:.:.. ,.......7-:, J.=-,.=---.=,.-.-,
Some of the dovfcesused to detormiaetho start of

the ignitionlag are an electricalcontact in the combus-
tion c:ham%erclosedly the impact of the “enteringfuel,
nechanisuswhich r“ecordthe rise of pi”essurein the injec-
tion tutie “orthe noveheat of the injectionvalve stem,
azidstroboscopicapparatusthat allow’s”a v’isualdete”rmiua-
tion c)fthe start of the s~ro,ywith respect to “theposi-
tion clfsome part of tha t~st euglne,usually th-eflywheel.

The determinationof the end of the period of igni-
tion lag dependsupon the investigator~sconceptionof
what constituteseffective~gnition. At this laboratory
three m~ihods hav’6ieen used at differenttimes to detect
et’fecti.veignitiontaking as evtdenceof the start of com-
bustion (a) the appearanceof incandescencein the comlnq.s--
tion chamber, (b) the occurrenceof perceptiblecombustion
pressureson an indicator car:d,and .(c) the d.etermfnation
of the effectivecombustionof a s~lallbut definitefuel
quantityby analysis of the indicatorcard.

—
. Previouswork at this laboratory‘had‘shownthat at
fixed engi.uo-operatingconditionsthe time at ~h$,ch@can-
descencefir~t appears in the ‘combustionchamber of a com-
prossion-i.gnitionOn-giuei6 quits d~fiaite”an~.co~stant.q”
-Mostof the investigatorsof the self-ignitiontemperatures *
of fuels agreothat soliecom”~ustionOCCUYS before inflaw
mation, but i~vestigatorswho use windows in combustion

*
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chambersof spark-ignitionenginesfind such a closerela-
tionshipbetweenthe progress of the_flamefro”ntand %h~-
rise of pressure in the cylindert-hatinflammation--iscon-
sideredto be simultaneouswit”a”t-hesta”r%of”com%ustions
If this close relationshipoccurs also in the compression-

“ignitio+.engine the appearanceof incandescencein the
combustionchambermay he usedas evidence’of ignitionof—the fuel.

When the indicatorcard is used to detect the oo”cur-
rence of,effectiveignitionthe determinationdependsupon
the accuracyand sensitivityof the pressure indicator.
Effective ignitionis”generallyconsideredto occur at the
point”wherethe pre~snre line with combustion&iverges.-
“fromthe pressure line-withoutcombustionand i-scommoZly
d“6s-$&nated‘[thebreakawaypoint.’i The pressure line w2th-
out combustion,but with ope”ratiagternpera~ures”~n-”~fie-cylri
inder, is differentfron the moto~ingpressure line wi~fi
comparativelylow temperaturesin the cylinder, A -pres-
sure diagramwith the higher cylindertemperatures-lut
without ignitionat the usual place may %e obtaine&by op-
‘-er”atingthe engine with’retarded~ujectfon..

Gerrish and VOS.S.(reference6), by consideringthat-
combustionstartswhen the pressure”rise has shown %hai a
small hut definitequantityof fuel has heen”burned,,are
able to get consistenttrends from the analysisof indica-
tor cards that would give inconsisteritresult’sif the com-
bustionwere ~ssumed to start at the last point where-fi@-
burning could be detected. ,

The series,of engine tests reportedherein were made
in the N.A.C.A. Laboratoryat Langley Field, Vs., dg.ring
March 1932, and were used for a comparisonof the three
iobthodsoutlinedabove for the determinationof”t“h~”ign~--
“tionlag of a fuel oil in a compression-i~nitionengine.””

. . . . _ _

APPARATUSA2:DTEST PROCEDURE.- -... —

ThIE-investigationwas riadewith a single-cylinder
test engine equippedwith an N.A.C.A. cylinderhead =0. 4
having a vertical-diskform of combustionchamber. This
engineas equippedwith the specialapparatusfor obtain=
ing the necessarydata is shown in figqre 1. ~he appara-
tus iriclud.e~the disk etrohoscope(A) suspeudedo{~r *li&’
engine and driven from the exhaust camshaftof the engin~----
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,by-”&:~;~s~i~b’~~~shaft (B), the l?.er’nb-o~rbindicatorpressure
el,em,qz;t,(,~).conp.ecte,dby wire and t.u”~eto the recording
.mec~ax~ism(not,,sh”o~?z+), a quartzglass wiadow (D) with its
reflec:tiagmir~or.(E), a Stroboramaprojector (1?)fpr il-
luminatingthe.ind?x.’(G]painted on the engine fl~bheel
and pclintingto a scale (H) graduatedin degroosof crank-
shaft rotation. Figure 2 shows the method by which it was
p~ssi~lQ to o-osorvosimultaneouslythe incandescencein
tap.?>-~~q~cylinderand the position of the flywhoolas, .
“ill,y+@@at@dhy the flash of tho ,Stroborama..,.. ,,

.! .,.,
.?h.~.o~~in~-opez-stinggotiditionsare list~d in tablo

1,-:~.or..th,etgs$s with varia%lo injectionadvancoanglo
.~hosame pump controlsettingswero used and tho varia-
tion in‘fuelquantitywith ckango of injectionadvanco aa-
glciwas too .s;,,allto afioct tho data as used. Prossuro-
time diagramsworo taken with the Tarnboro indicatoras
modifiodat.this.laboratory,photographicprints of the
recordsbeirqg..usodfor the aaalysis. Th,erecordingdrum..
was rotatedat crankshaftspetid~

-.

.

The start of fuel injectionwas determinedby-observ-
ing the first appearanceof.fuel,at the tip of the injec-
tion valve nozzle by,means of the.Stroboramaand the.tim-
ing was fixed by simultaneouslynoting the flywheelposi-
tioa. This observationwas made while injectingthe fuel
into the atinos~here,as previous injectinginto a pres-
sure chamber-hadshown no variationin timingwith the
densityrising to 1.5 pounds per cubic foot. Y.h$a.deterrn
mination could.be reproducedwi.t~inone half crankshaft
degree. .

Somo preliminaryteats,;~ere.made to detormin;the best
technicfor obtaiuingthe heading““ofthe first appoaranco
of incandescence. After the angine”hadreached st@ilizod
oporatifigtemperatures,it was stoppedand tho quartzwin-
dol,ywas insertedas quickly:as .pvs.s%blemEngine operation
was immediatelyresumed“andthe observerbrought the firs-t
part of the incandescentperiod into phase with the open-
in~ of.th.q.slot@ the .q,tr,opos~.op..e~,,,~~eStrotoramaflash
was,sya.chron.izedwith the .f$rs.t.,,a~e,aranceof incJqndes-
cence,by..r,e~o,$e‘c”qtitr’o,l.,+”&d~.h”&...@si,i.ononof th?.;$.l~?hegl

Any one observer~could’”$6$6&~:ObseFvg$$.gp.q.wi_th2Q
.-

y.~edv. .. ...._ .-,.,... ...-
1,. “. - -,-’--- - - .;,.-’ “-- -“ -- -“’-’“-- . -.—

T&t~--werem~,de’t,o,‘i,et”~r.~~ik~uhother,$he,fi~l~~f~ .
v~,?tif:romth.i.$mal,l,win~ov,.~~a$so res~r.t~tiedthat””iqfla,rn-.
matio-rimight‘occ~”‘i~“anyportiou of the chamberand rio% s
be vis:lhle.A fuel quantitythat roducodthe scalo load-

..

.
--

*
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ing from 22 to 21 pounds while motoring the-enginewas suf-
,txi.ciq~tto produce an unmistakableflash lastingabout 35
crankshaft.‘$.e&%ees,“Thisfuel quantity,estimatedto be
.,.0iOOOO05pou~d per cycle, air-fuelratio ~%ou% lsOOO~
should.theoreticallyreach...onotighair to”-~urncgrnpletg.ly=

‘.yithih lMl”/4.iuch’esof the nozzlo~ Apparentlyany fue~
~,‘“quq,ritity,,~hatwould’operate the enginewould ~rod~ce suf-
fi~i-sri$’iri,canaescencefor these tests.- ,, ~ “ *---’=-. ------........
., ‘“~~$es$s-.~ith~’ncreas~rigf;el’”quatitity;~%.”aco~s~an~&-

.——

3e6tio@”..advancearigleshowed thatthe.start of ~qcandos-
ceb.ce:,~as.ir~lldefinedand constant.at.,f%e”lquanti.~ies~e-
ty.eQti’0~00014and 0.00019,pound pe~”ccyti:eiBol_o~this
range %hore was slightlyrnor~iariati~riIn-the starf of
incafidosce~ceand above it the wind’owhad to bo cleaned
to”ofrequently. The window could be,u~od for moro.~hah
20,rninut.esat a fuel quantityof 0.00015–po-ua~”per-cYc16
without introducingan error dud iQ tho sootingof-the....
wiudowa Tho absenco of change in””t~.bt~-~cof”J”fK-o,a~pbar—-:
anco of incandescenceovor a rid~ ratigeof“%81 quantity–
per.cycle is an indtcatig~that.tho Qhseryatioqis uot ~-
-.ter$qlly5f_fected.hY’the spatialdistrihn~ionof.tho flaue
and that.“theposffion of the“tiiRdowdoes-notpr@vent tho
observerfrom dotoct-ifigiti.~andosceneo-t?.parts of.tho’com-
bustioa cliarnbornot directlyin th? fibld.ofview through
tho tiiqdowo

.. .
,- .t. —. . ...,,,

~he.~datawerq,thenprocur6d for the compa~is~nyo~’~.he,.
thr~emethods of meaauring3gn3tionlag,. A ffielquanti%~
of approximately0.”0001$poun~ per cycle (air-fuel.ratio

.;shout 32),Wasused an+ the injectionadvance anglg~”Wg~Q-
varied.in2°4intervalsfrom 16° B.T.C. tb .6°A.T.C. In-
dicator cards were taken and the first,appearanceof in- ,
candescencerecorded,foreach injectionadv~nc”ea~g~eq “
The pressure-timecurvesare shows cbmbinedin figure 3
with the start of incandescencemarked on each curve. An
analysis of these curvbs for effectivef~el burned gives
the sert.osof curves shown in figure 4. .Thehigh-p~essure
sectionsof four of the indicatorcards are shown in fig-
ure 5. These data are consi.doredWO1l suited for a CO*
pari.SOQof the dif$ereatmethodson account.ofthe short
ignitioq.lagand tho,,com~aritivelylqrgo.eff~ctof-~ny’~
variatio.q.orerrors.-in.heaqurempn$.., .—.- ,...,.

. - ,,. .. . . .. : . --. - .=..- ?“-—.
,,, ,,% . . . . ...,.. -. - . .., . ..-. . >—-.—- — . .

,,
.,- ..-, “;-
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..”,. . ....:,. RESIJLT.~AND DISCUSSION -,
,.”’ ......,, .’..,

Yhe ignitionia~s,as obtainedfrom the data’tir-e‘~i~%w
ed .in,:tableII. The columns2 to 6, inclusive,are the ‘
indivi.@u+,>d.?terminatiionsty visualins”pecti.on.of;4th.e,.@-,.
d-i,catom,.c:amd0$ five engineersexperiencedin ongine.,’t.est-
i.ng. The seveath co~umn is an average of tbe fiye’.y~lugs
for each injectionadvance angle. The eighth columri’l“ists
.t,h”e:tgni~-$on;.lagsobtained when the first appearance.of
incandpsvepc,e.t~::copstderqdas markirigthe start ~f com-
-buBti,ioni.-Zhe.l~qt aolumn shows the ,valfie.sobtaine,dby
consi:d@ri,ng,t.hat.~comtius:%ion“nasstarted:when a sma,+l “bvt.,
deftuitieamount of.$%@ has.been effocti$ein ~.ai8i.ng’tXQ....
pressura:intth.qcylrind-eT.,No two ser~:e.s:o.fv.alyes.wer.e,
det.ermlnedby th?:.samq,person. It should ti,enoted $hat,,.,,
theigni.tionlags as ~qtezynined:byany of these methods
remain v,i,rtua~l.y.co%qtan%over the gorqa”~:,o .eratingr~*Q~
and increase”.atboth q.ndsof this range so ?

..
hq”t-’the.~-..,.

nition lag :b~-th@eG~,q,@.3.eq.and incre~ase&,~,~t,h”:in”~.~e~s.ein ,
injection adva~c~,.~~g.le..: ..-.-.....;;: 7..,+. .>. .—

,. ,.”--- ...... ._ —“,
At the .t-i”me”-th~s”’’~~~k’.wasqtar”teteit.it ;as hop;”{tih.at“.:.;;“

the first appearanceof incqnd~soence’woul,dfix a..co~fipai+
a;t.ivoly~efinite:pofnt.thatwould sh’owthe,.,star.$O“f.@OrnL”
bustiou in the engine cylinder;but after prel~mi~aryo%-
servationsit was realizedthat the appearanceof thtivi.s-
‘.ibleflame.:is,a,.co~ya~atiyo~ygradual,prog~sq. Thqtime
of‘appearancedf ~n~qndescencoin thti“,combvsi~ontc~tim~:r
was surprisinglyIatq.b:cause-ina+l.caie~?!.oc$u~rqqaf-
ter *ho pressure-timerqgordhad shOWn a.d~finite-Pre”$m
surf3rj.se (fig. 3).. Therefore,it is””obviousth~ti‘th6,..qp-
poaranco of ,incandoscenc~i,s of little value in ‘es,t@~LLeh-
ing.thestart of combustionin a coapr,essian-ignit,j~n~.~p~
gino becauso it occurs later than other evid~n,ces~oft~”o,..
~tctr~of combustion- @,owovor,‘*ho.valuesof.tlioigai~l}Qij
lag ob”iainod.byusing tho appoaran,co,of~ug-andogc~~:ce,as’;

,:.$hostartingpoint,of.-combustionfoll~T.,.$.hQ. Wuu3,.tiiin.d afj
the values obtained~y,using the start of.pressur~~”rise
butwith a smallervar$ation. .

.. . :“. . .. . . .. .
.,. - .: ,“ .... ..

b method of qe~surin~ighiti-Om~,i.&’~”h“y’us~ig~~”hi”~~~~
breakawaypoint or”sta~tof pr.es~urs;r:t.se..~p.t~e~e”rmi@-
tion of the period of.lag is open to t~s objectionth”at
the dete~minati.oamay not be reproducedby differentoh==
server~~aA measure of th~ consiste~cyin determiningthe
%reakavaypoint may be obtaiaedby comparingthe individ-
ual determinationof the five observerswith the average

-.

r

.
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of their determinations.~:Of the 60 values liste: in table
II, 22 agree with the average,18 are within 1/2 , and 16
are within 1°, leavtng only 4 in excess of 1°- Two thirds
of,the total determinationsa“rewithin a raa & of 1 “crank-
shaft-degreeand practicallyall are within Elo: Thus, it
appears that this method is sufficientlyascurateand con-
sistentto give gohd comparativevalues but not necessa-
rily exaet’-value”sfor ignitionla~; -The‘vaZ”uesobtained
by this method show a greatervariationthan the values ob-
tained by either of the other rneth~ds.. ,,~ ,- - . —=...

.:. The tialuesfor ignitionlag obtainedby coqsideripg
..com%ustionas startingwhen a small but definiteq.uanti%y
of fuel has been burned are possibly more definite,t.ha~
values obtainedby other methods, but In this.casetlie~
-atie:.lackingin ~ontrastas ten consecutivevaltiescover a
range of only 1 and thereforeindicatethat the &nition
lag remainsvtrtuallyconstantover a range of:20,,o$ i+-
jectio”nadvance angle. .,: *.i.p....,.-,. .--. .....- ..__--L— =

A.comparisonof the three sets of va’lti~s,fO& ignition
lag indicatesthat the values obtainedfrom.dir:ectinspec-
tion of the indicatorcard by experiencedobseryersare.
consistentand have the advant,age.oflrequiringno.extra
apparatusand a minimum of time. The ‘eppear,a~ceof ficari- –
descence in the oombusticmchamber of a“comyression-igni-
tion engine is of douatfulvalue for determiningwhen cor~-
bustion starts. The ignitionlags obtainedfrom analyses
of the indicatorcards were apparentlynot of sufficient
value to justify the expenditureof time requiredby this
method. These results indicatethat it will be quite dif-
ficult to have agreement in values for ignftionlag be-
tween differentlaboratoriesor even between different
experimentersunttl apparatusand met”~odsar,estaudardized~.

Langley MemorialAeronauticalLaboratory, ●.
NationalAdvisory Committeefor Aeronautics,

Langley Field, Pa., ‘November143 1933.

. . --- .—-,
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TA~LE I

Test Apparatus

‘N.A.C.A,Univer

n HO. 4

It No. ‘7

e II No. 13

e OperatingConditions

1,500 r.p.m

tity 0.00032

in tests 0.00015

Engin

Cylin

Yuel

Fuel

Xngin

Full

Fuel

,8

,derhead

injection-pump

injectionvalv

Engin

.espeed

load fuel quan

quantityused

sal test engine

.9

5 lb./cycle

1!

Injection
tests

period used in
(crank)12°

Injectionadvance angle Variable

6 orifices in singleplane

Top hole of cylinderhead

3,000 13./sq.in,.

Injection no2218 type

Fuel valve gosition

Valve-opening pressure

compression ratio 15

Temperature
(out)

coolingwater
1700

1!empera
(out)

,ture lubr cating oil
1400 F,

Temyerature

Temperature6

Barometer

fuel

inlet

oi.1

air

85

65

30

02?
‘I’

●26

.

,Hgin

Inlet

EXhaU

opens
close
opens
close

38°
s 2’7
36°

S 25

B.TsC.
0 AmBcCc
B,30Cw
0 A.T,C.

Engine valve timing

— =-.=. —’.——.
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TABLE II

IgnitionLag

(All values given in degrees of crankshaftrotation
at ls500 rgpcm~ Tor time values multiply%y 0.000111 sec.)

Injection
advance
zngle

-..—

A.ToC. 6

4

2

T.C.

B.T.C. 2

4

6

8

10

12

14

16

Direct observationof card ~Start ofI Card anal.————- —.—
Obseg-irers_ ____

T-ZTDT ‘Ve’+==e ‘:;=2U;::

7 —-.
L6 ;r;:~ 13

L3 12 11 ‘12 12

LO 12 plplp2

–~— -+ .—-— --

14+ I
12

11

8

‘i’-i-

8 I
?’

71-

8-1-

9’

9

10
I

16+

16

15+

13

11

11

11

11

10

10‘

11

12

I 1204

10.2 — .
10,5

9.7

9.7

9.9
.-.—

10.1 ‘“

10.5

10.3

10.4

.

,

.-—
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Figurel.-Testenginewithauxiliaryapparatus.
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